Objective: Right ventricular failure in patients treated using left ventricular assist devices is associated with poor outcomes. We assessed the strategy of preplanned biventricular assist device implantation in patients with a high risk for right ventricular failure.
Right ventricular (RV) function is an important prognostic factor in patients with end-stage heart failure bridged to heart transplantation (HTx) with mechanical circulatory support (MCS). 1 RV failure occurs in up to 50% of patients after left ventricular assist device (LVAD) implantation and is strongly associated with increased mortality and morbidity. 1, 2 Despite later conversion to biventricular assist device (BiVAD) support, such patients have a worse outcome compared with those managed with LVAD alone. 3 Poor survival among those with BiVAD support is not entirely unexpected because this therapy may arise from a subsequent conversion from LVAD, at a time when multiple organ failure developed. This calls into question whether patients with a high risk of RV failure may benefit from BiVAD implantation planned in advance. In a retrospective study, Fitzpatrick and colleagues 4 reported that preplanned use of a BiVAD was associated with better outcomes than acute conversion from an LVAD to a BiVAD. Still, patients who received preplanned BiVAD did not reach the survival of those who received only an LVAD.
The evaluation of RV function is challenging, and it is difficult determine in advance whether there is the need for a BiVAD rather than an LVAD. Several retrospective single-center analyses have identified risk factors predictive of postimplant RV failure. 1, 3, 5 Furthermore, different risk scores gathering several preoperative variables for stratifying the risk RV failure have been proposed. 1, 6, 7 However, the validity of these risk scores has not been established.
Many centers avoid using planned BiVAD support as a bridge to transplantation because of uncertain outcomes, more demanding implantation techniques, higher costs, and significant patient discomfort during long-term support. Instead, patients with biventricular heart failure are likely to be subjected to a high-risk LVAD therapy or are not considered for ventricular assist device treatment at all. At Sahlgrenska University Hospital, where HTx wait times are fairly short (median time, 3 months), we have routinely applied preplanned BiVAD since 2010 as a treatment for patients considered to have a high risk of postimplant RV failure. The aim of this study was to describe the characteristics and outcomes of our patients receiving a BiVAD as a bridge to transplantation and to compare them with contemporary LVAD recipients.
PATIENTS AND METHODS Patient Demographics
Between February 2010 and April 2014, 43 patients received a longterm MCS device at Sahlgrenska University Hospital. All devices were implanted as a bridge to transplantation because a program for destination therapy is not available at our center. For the present analysis, we included 41 patients. Two subjects with congenital heart disease were excluded. Among patients included, 20 were assigned to a preplanned pulsatile BiVAD (Excor, Berlin Heart GmbH, Berlin, Germany) and 21 received a continuous-flow LVAD (HeartMate II, Thoratec Corp, Pleasanton, Calif).
The decision as to which treatment strategy to use was based on the estimated risk for postimplant RV failure after a multidisciplinary evaluation of clinical, echocardiographic, and hemodynamic status. We did not apply uniform criteria or risk scores, but the presence of 1 or more of the following risk factors favored BiVAD implantation: Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) profile 1, ongoing short-term circulatory assist, signs of multiple organ failure, echocardiographic signs of poor RV function, severe tricuspid regurgitation, tricuspid annular plane systolic excursion less than 0.72 cm, invasive hemodynamic measures of right atrial pressure (RAP) greater than 16 mm Hg, or right ventricular stroke work index (RVSWI) less than 300 mm Hg 3 mL/m 2 . Blood samples were analyzed by the Central Laboratory of Sahlgrenska University Hospital (accredited according to European Norm 45,001). The study was approved by the ethical review board at the University of Gothenburg.
Echocardiography
Patients were examined preoperatively according to a standard transthoracic echocardiography protocol that included RV projections. All investigations were re-reviewed retrospectively and evaluated blindly with respect to study group. RV dysfunction was graded as none (0), mild (1), moderate (2), or severe (3). Tricuspid annular plane systolic excursion and tissue velocity imaging of the RV free wall were acquired. Tricuspid valve regurgitation was graded as none (0), mild (1), moderate (2), or severe (3).
Invasive Hemodynamic Measurements
In patients presenting INTERMACS levels 3 to 5, a right heart catheterization was performed as part of routine workup during HTx 
Surgical Procedure
LVADs were implanted using a sternotomy and extracorporeal circulation (ECC). In most instances, the procedure was performed on a beating heart without crossclamping the aorta. Weaning from ECC was always slow and gradual with care taken to increase LVAD flow slowly to preserve RV function. Inhaled nitric oxide as a pulmonary vasodilator was used routinely and, if considered necessary, switched over to inhaled epoprostenol in the ICU.
BiVAD implantations also were performed using a sternotomy and ECC on a beating heart. Patients were first weaned from the ECC by connecting the Excor cannulas to a short-term MCS device (Rotaflow PLS system, Maquet, Germany). In our experience, this practice facilitates hemodynamic adjustment during weaning of the ECC and during the early postoperative phase. A few days later, when the patient had been found to be stable and neurologically intact, a second simple procedure was performed with the exchange of Rotaflow devices to 2 Excor pump houses. One advantage with the 2-step procedure is that there will be no waste of Excor pump houses in case of a postoperative disaster, such as a major stroke or death.
Postoperative Management and Follow-up
Heparin was initiated when bleeding had ceased (24-48) hours and activated partial thromboplastin time was targeted at 40 to 50 seconds. Warfarin treatment was started after removal of chest tubes with international normalized ratio targeted at 2.0 to 3.0 for LVAD recipients and at 2.5 to 3.5 for Bi-VAD recipients. A daily dose of 75 mg aspirin was added. After stabilization, patients were transferred to the cardiology ward, where they were mobilized and given self-care training. For all patients receiving an LVAD, we aimed for home discharge before they were placed on the HTx waiting list. Our first BiVAD recipients were managed in hospital before transplantation, but later on also aimed for home discharge (n ¼ 11). All discharged patients were followed regularly at the outpatient clinic using a standard MCS protocol. The follow-up visits included routine testing to survey for patient-related or device-related adverse events. To reduce the HTx perioperative risk, we allocated in general a 3-month period for end-organ recovery and physiotherapy before patients were activated on the waiting list.
Statistics
Statistical analyses were performed with JMP 10 statistical software (SAS Institute, Inc, Cary NC). Data are presented as means and standard deviations, medians and interquartile ranges, or numbers and percentages. Comparisons between groups were performed with an unpaired t test for normally distributed data, the Kolmogorov-Smirnov asymptotic test for nonparametric data, and Fisher exact test for categoric data. Survival curves were generated using Kaplan-Meier estimates and comparison between groups used the log-rank test. Receiver operating characteristic (ROC) curves were plotted for RV risk failure scores, and areas under the curve (AUCs) were compared between groups with the chi-square test. The 3 LVAD recipients later converted to long-term BiVAD support were categorized as LVAD recipients in all analyses, except in the evaluation of RV failure risk scores, in which they were included in the BiVAD group. All tests were 2-tailed.
RESULTS

Patient Characteristics
Demographics, medical history, and preoperative laboratory values for the 2 study groups are shown in Table 1 . Patients who required BiVAD were younger, more often female, and had a lower body surface area compared with those receiving LVAD. All BiVAD recipients had a nonischemic heart failure cause compared with approximately half of the LVAD recipients. Although BiVAD recipients tended to have somewhat higher liver function test results, the difference between groups was not statistically significant. Table 2 displays preoperative echocardiographic data, invasive hemodynamic measurements, need for circulatory/ ventilatory support, and risk scores for postimplant RV failure. The left ventricular ejection fraction was similar in both study groups. Those receiving a BiVAD had a more compromised RV function with lower tricuspid annular plane systolic excursion, lower RV free wall tissue velocity, and a higher degree of tricuspid valve regurgitation. BiVAD recipients also displayed a higher RAP, a lower mean pulmonary artery pressure and PCWP, a lower cardiac index, a higher central venous pressure/PCWP ratio, and a lower RVSWI. Although BiVAD recipients appeared to require more preoperative treatment with inotropes, short-term MCS, and mechanical ventilation, the differences between groups were not statistically significant. In the BiVAD group, 13 patients (65%) were treated with short-term MCS for a median (interquartile range) of 7 (3-9) days. In the LVAD group, 8 patients (38%) were treated with short-term MCS for a median (interquartile range) of 7.5 (4-12) days. A more detailed description of the different types of devices used for short-term circulatory support in the 2 study groups is presented in Figure E1 . Among patients receiving BiVAD, 55% received implants as INTERMACS level 1 and 35% received implants as INTERMACS level 2. The corresponding numbers for LVAD recipients were 29% and 19%, respectively. BiVAD recipients displayed significantly higher risk scores for postimplant RV failure.
Preimplant Right Ventricular Function
Outcome
The overall survival did not differ between BiVAD and LVAD recipients and was 85% (95% confidence interval
[CI], 62-95) versus 86% (95% CI, 64-95) at 1 year and 79% (95% CI, 0.56-0.92) versus 86% (95% CI, 64-95) at 2 years, respectively ( Figure 1 ). The median time on device to transplantation or weaning for BiVAD recipients was 154 (95% CI, 94-185) days, and time to transplantation or destination strategy for LVAD recipients was 302 (95% CI, 189-426) days (P <.001) (Figure 2 ).
In the BiVAD group, 17 patients underwent HTx and 1 patient was weaned (90%). Two patients died on pump (10%): 1 of multiple organ failure at day 17 and 1 of a stroke at day 32. In the LVAD group, 16 patients underwent HTx; 1 patient is still on the waiting list, and in 1 patient the treatment strategy was changed to destination therapy after a stroke (86%). Three LVAD recipients died while on device (14%): 1 of multiple organ failure at day 1; 1 of sepsis, pump thrombosis, and a stroke at day 30; and 1 of subdural bleeding at day 49.
Complications
The time in the ICU was similar for the BiVAD and LVAD groups (Table 3 ). The total hospital stay was somewhat longer for BiVAD recipients than for LVAD recipients, but this was not statistically significant. The majority of patients in both groups could be discharged to home during the wait for HTx.
The absolute frequency of pump-related complications was similar in both groups (Table 3) . When expressed as episodes per 100 patient-months, adverse events tended to be somewhat higher in the BiVAD group, but a statistically significant difference was observed only for minor stroke. Early postoperative continuous renal replacement therapy was required more often in LVAD recipients, but the difference between groups was not statistically significant. Four patients in the BiVAD had a stroke; 2 were major and 2 were minor with trivial residual symptoms. One of the patients with a major stroke died. One of the patients was weaned and died 5 months later of neurologic deterioration and worsening heart failure. Two patients in the LVAD group had a major stroke. For 1 of the patients, this was related to pump thrombosis and resulted in death.
The second patient's treatment strategy was altered to destination therapy. One patient in each group encountered driveline infection requiring intravenous antibiotics. Two LVAD recipients had recurrent bacteremia, probably due to pump colonization. Both remained on continuous antibiotic treatment until transplantation. There was 1 case of serious BiVAD malfunction due to membrane rupture in the left Excor pump. The patient recovered after treatment with extracorporeal membrane oxygenation (ECMO) and replacement of the pump house. 9 Significant RV failure after implantation developed in 5 LVAD recipients, defined as the need for inotrope support for more than 14 days, inhaled nitric oxide for 48 hours or more, or right-sided circulatory support. Two of these patients died (day 30 and day 49), and 3 patients required long-term RVAD support. For the survivors, the median time in the ICU was 28 days (range, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and the median total hospital stay on pump was 167 days (range, 25-210).
Right Ventricular Failure Risk Scores
ROC curves for the risk scores developed by Matthews and colleagues 6 and Fitzpatrick and colleagues 7 are shown in Figure 3 . The AUC for the former was 0.72 (95% CI, 0.55-0.89) (P ¼ .028) and for the latter was 0.92 (95% CI, 0.81-1.00) (P < .001), with a strong trend toward significance between curves (P ¼ .050). By using a cutoff of 47 or greater for Fitzpatrick and colleagues' score, the sensitivity and specificity for predicting long-term RVAD treatment in our population were 78% (95% CI, 53-94) and 100% (95% CI, 79-100), respectively.
DISCUSSION
The present study supports the safety and efficacy of BiVAD as a bridge to HTx in selected patients with a high risk for postimplant RV failure. Survival among patients treated with BiVAD was higher than previously reported and similar to that observed for contemporary LVAD recipients, despite those receiving BiVAD being more severely ill. The frequency of adverse events was Values are presented as median (interquartile range) or numbers (%) unless otherwise specified. BiVAD, Biventricular assist device; LVAD, left ventricular assist device; ICU, intensive care unit; CRRT, continuous renal replacement therapy; IV, intravenous; RV, right ventricular; NA, not available.
comparable between the 2 groups, and the majority of patients in both treatment arms could be discharged to home during the waiting time to HTx. RV failure, which is one of the most important risk factors for mortality and morbidity after LVAD therapy, [10] [11] [12] may occur in up to 50% of patients. 1 Still, less than 5% of primary MCS implants in the INTERMACS registry are reported as a BiVAD. 13 Therefore, we speculate that many centers may not evaluate patients for a BiVAD as a bridge to transplantation despite a high risk for postimplant RV failure. Strategies used to aid RV recovery after LVAD implantation include inotropic support, unloading with pulmonary vasodilatative therapy, 14, 15 and temporary RV assists. [16] [17] [18] However, patients in need of such therapy show impaired survival 3, 10, 12, 19 and have longer stays in intensive care units (ICUs). 10 In a study by Takeda and colleagues, 17 more than half of the patients who required an unplanned RVAD after LVAD insertion could not be weaned form biventricular support. These patients displayed ongoing end-organ dysfunction after RVAD implantation and had a dismal prognosis with a 6-month survival of only 16%. An additional negative factor is that RV failure after LVAD implantation may contribute to deterioration of end-organ function to the degree that eligibility for and outcomes after HTx are affected. 12, 17 At our center, average wait times for HTx are short. We have chosen to implant a BiVAD directly in patients considered at a high risk for postimplant RV failure. Our main selection criteria for preplanned BiVAD are clinical, echocardiographic, and hemodynamic signs of poor RV function, as well as INTERMACS profile 1, ongoing short-term assist, and signs of multiple organ failure. After MCS implantation, patients normally undergo 3 months of rehabilitation for general optimization and end-organ recovery before they are actively listed for a heart transplant.
Sahlgrenska University Hospital is a heart transplant referral center serving western and northern Sweden with a population of approximately 3.5 million, and frequently receives patients in cardiogenic shock for evaluation. Consequently, implantations of short-term MCS, mainly ECMO, have increased. We avoid performing HTx directly from short-term support, because such patients are exposed to an increased risk of postoperative complications and mortality. 20, 21 Instead, we have adopted the policy to convert these patients to long-term devices and list them first after end-organ recovery, rehabilitation, and home discharge. A high proportion of our patients receiving durable MCS receive implants from INTERMACS levels 1 or are converted from a short-term assist. The poor outcomes after LVAD implantations in such patients 13 have driven us toward a higher use of BiVADs, which constituted approximately half of the durable MCS implanted in this study. We postulated that this strategy would reduce perioperative risks, minimize organ waste, and result in better post-transplant outcomes.
In the present study, 90% of BiVAD recipients survived to transplantation/weaning and 85% were alive after 1 year. This was comparable to that observed among LVAD recipients. Our results are particularly noteworthy considering that the BiVAD recipients were hemodynamically more compromised and more often had multiple organ failure. Earlier studies have reported a survival to transplantation of approximately 50% among patients receiving BiVAD, 17, 22 which may explain why many centers hesitate to use biventricular support. A recent retrospective study based on data from the United Network Organ Sharing registry 23 reported a 6-month survival for BiVAD recipients of only 68%. Significant regional heterogeneity in the use of different BiVAD configurations was observed, suggesting a large variation in center preference with respect to device choice. The reasons for the favorable outcomes among our BiVAD recipients are probably multifactorial. We conclude that our well-defined strategy of ''preplanned'' rather than ''delayed'' biventricular support, the use of only 1 device type, active rehabilitation with home discharge, meticulous care of cannula exit sites, and short waiting times for transplantation are likely to have contributed.
For both study groups, the median time in the ICU was approximately 1 week. Our first BiVAD recipients were treated in hospital before transplantation. This policy was modified when it became apparent that BiVAD recipients could be managed on an outpatient basis similarly to LVAD recipients. Thus, before being placed on the HTx waiting list, the majority of patients in both groups could be discharged to home. BiVAD recipients were prioritized on the waiting list, and for these patients, the median time from device implant to transplantation was approximately 5 months. The median time from implantation to transplant for LVAD recipients was approximately 10 months.
A study based on data from the INTERMACS registry 24 reported a significantly higher rate of serious adverse events among BiVAD recipients compared with those treated with LVAD. However, the investigators were not able to separate preplanned versus unplanned BiVAD support. In the present study, the absolute frequency of complications including thromboembolism, neurologic events, and infections was fairly low and similar in both groups. Still, the rate of adverse events tended to be somewhat higher in the BiVAD group when adjusted for time on device. There was 1 case of BiVAD system membrane rupture occurring after home discharge, which was resolved with acute ECMO support followed by pump exchange. 9 Significant RV failure after implantation developed in 5 LVAD recipients, of whom 2 died early (day 30 and day 49) and 3 were converted to long-term biventricular support. These patients required a prolonged ICU stay and total hospitalization, exemplifying the deleterious consequences of postimplant RV failure.
Patient selection for BiVAD support as a bridge to transplantation is important but highly complex because several different factors may predict RV failure in LVAD recipients. In our study, BiVAD recipients, compared with LVAD recipients, were younger, more often female, and more frequently had nonischemic heart disease. BiVAD recipients had a higher central venous pressure/PCW ratio, lower RVSWI, and more frequently displayed INTERMACS profiles 1 to 2. All of these characteristics have been identified as RV failure risk factors after LVAD implantation. 5, 7, 18, 25 The present study population also was used to evaluate 2 different RV failure risk scores. These scores were not used at the time the decision to use MCS was made, instead they were calculated retrospectively. The risk score described by Matthews and colleagues 6 showed suboptimal discrimination power with respect to our 2 device populations with an ROC AUC of 72%. The risk score suggested by Fitzpatrick and colleagues 7 differentiated well between patients receiving BiVAD support, either preplanned or converted, and those managed with LVAD alone. The ROC AUC was 92%. This would support the usefulness of this risk model as an aid when determining treatment strategy in our population. In other settings, however, this risk score has been found to perform poorly with respect to prediction of postimplant RV failure. 26 Implantation of an LVAD, compared with a BiVAD, is associated with less-demanding implantation techniques, lower device costs, and less patient discomfort during long-term support. This, along with previous reports on unfavorable outcome after BiVAD insertion, 19 may explain why most centers prefer to insert only an LVAD despite a high risk for RV failure or reject such patients for ventricular assist device treatment altogether. On the basis of the findings of the present study, we believe that BiVAD is underused as a bridge to transplantation. In patients with a high risk of postimplant RV failure, a strategy with preplanned BiVAD is likely to improve survival to transplantation, decrease time in intensive care, reduce total hospital stay, and thereby reduce overall costs. Because patient discomfort while on pulsatile BiVAD support is significant, heart transplant list waiting times preferably should not exceed 1 year. There have been a few reports about the use of implantable continuous flow pumps as biventricular support. 27, 28 This strategy may offer greater patient comfort compared with extracorporeal pulsatile pumps, and thereby allow for longer HTx waiting times. However, further studies are necessary to define the role of this approach, as well as the use of a total artificial heart in the context of bridge to transplantation.
Study Limitations
The observational, retrospective nature of the present study is an important limitation with respect to the degree of evidence we can provide. Also, small sample sizes and the differences in age, gender, body size, and heart failure cause between the 2 study groups constrain our conclusions. Time on device was shorter for BiVAD recipients than for LVAD recipients, which affects the comparison of adverse events between groups. Still, time on device is not entirely conclusive when comparing complications, because most of pump-related morbidity and mortality occurs early after implantation. We did not use uniform criteria to select the treatment strategy of BiVAD or LVAD. Instead, the decision was based on the estimated risk for postimplant RV failure after a multidisciplinary evaluation of clinical, echocardiographic, and hemodynamic data.
CONCLUSIONS
Planned in advance, BiVAD appears to be a feasible strategy for a bridge to HTx for selected patients with a high risk for RV failure. Under these circumstances, this approach is likely to reduce hospital stay and improve survival to HTx with a complication rate similar to that observed in patients with adequate RV function who are managed with an LVAD alone. To avoid the deleterious consequences of postimplant RV failure, we believe that preplanned BiVAD should be used with greater frequency.
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Jonathan D. Stubbs, MSc, CRC, reviewed the English used in this article. FIGURE E1. Different types of short-term MCS devices used in the BiVAD and LVAD recipients before conversion to durable mechanical support. ECMO, Extracorporeal membrane oxygenation; ST-MCS, short-term mechanical circulatory support; IABP, intra-aortic balloon pump; BiVAD, biventricular assist device; LVAD, left ventricular assist device. Rotaflow is the Rotaflow PLS system (Maquet, Germany).
